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1. Introduction

In electron-atom beam-beam scattering experi-
m:ents, the interaction region defired by the intersect-
ing beams and the viewcone of the detector should
be semall in comparison with other characteristic di-
mensions of the scattering geometry and the energy
and angular resolution of the apparatus should be nar-
row with respect to the ranges over which quantities
of interest undergo significant changes in this ideal
case, the scattering signal can be assumed to origi-
nate from a point-like source and the data obtained
from the mersurements can be assigned to well-defined
electron impact energy (E,) and scattering angle (6,)
In practice, the dimensions of the scattering volume
and the energy and angular resolution of the appara-
tus are always firite and a rigorous treatment of .he
scattering data should take this into account In coa-
ventional electran scattering measurements of the dif-
ferential scattering cross section (DCS) these consid-
erations, in genersl, causc no serious problems  The
DCS can then be asscociated with nominal scattering
angles and impact energies and represents a sum over
final and average over initial experimentally indistin-
guishable processes. A discussion of these matters in
electron acattering DCS measurements has been given,
for example, by Brinkmann and “Irajmar!

In recent yenrs, a large body of data has a-cumn:
lated in the field of electron impact induced orientation
and alignment of atomic valence shells?  Coherence
and correlation experiments used to examine these as
pects of the collision procesn represent a consideratile
refinement over conventional DCS measurements  In
principle, cnly the scattering mgnal onginaung from an
ensemble of excited atoms prepared in a well-defined
quanturmn n.echantcal state in tneasured The selection
of this enwemble 1n carried out either by comadence
detecuon of the inelastically scattered electron and

emitted photon, or by laser preparation of the excited

state atomnic target and uctection of the superelieti-
cally scattered electron. In both cases, a photon inci-
dence vector and pelanization vector are defived whose
directions with respect to the scattenng plane st be
well-specified i order that unambiguous conehisione
can be drawn about collision induced alipnmrent and
orientation {or, equivalently, about the electron nn
pact coherence parameters, EICP) A rigoraas evabia
tion of scattering data from coberence and corrciation
experiments should, therefore, melude the canvabation
of the scattering angle as well as the phoc oo direction
and polarization angles with the funte arvpular resoly
tion of the apparatus. Generally howes o the poactur
of anideal pornt-like scattermyp Las heer e o the

mterpretation of coherence and correlati nodata

A recent study by Martus e ol " o take ant
account the effect of averaping over Cie Lncte tangy
vnresolved seattening anglos obaerves by the et
detector in a measurement of the Ul oo oo
relation parameter Here, we decoribe o oo vy ro,
aprrosch to the problem of determany to mtuena
of & fintte seattering volume oo coctooas it o o
adence expeniments and anomeasurement o0 e
Instic menttenng from laser e ted atons W e e
the interaction volume as an ensemble of b o
seattering pomnts to each of whach o ntta b o b ool
baon coor-hoate frame thar may ditler oo s
from w Taloratarny fived conndinate franw At
scuttening plane, defined by the goadenr an ooy
g electron momentum vertors of A ool event o
curnng sotewhere within the ensemble o be qut
different from the *nomanal” sonttenny jolare dobne
e the laboratory frame The trancfoanata ol oo
dinate franes has extreniely Hhportnnl v e e
for the mensurement of Y 10OP and o una o onte d oy
by averaging over the moattermy nnylos ol o Photog
modence and podanization vectors wlhac b e e !
i the Taboratory conrdimnte frarne by sy b o anyle
6 anl ¢, and by polanirntion anple o, e pover

the colhwmion coordinate finme by anples 00 ¢, and o



which can, depending on the nominal scattering angle,
vary radically for collision events occurring throughsut
the extended scattering volume This radical behav-
1or 18 expected for nomuinal scattering angles close to
sero since the rotation of a colliston rame relative to
the laboratory frume for a scattering event displaced
from the "nooanal scattening plane carn be severe at
S soaltening anpies  In this situatoa, the anguiar
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linearly polarized photons:

[ ~ A+ B'cos2y + B"ain2y (1

where the coefficients A, B’ and B” have been given"5

as functions of the EICP and the photon incidence
vector direction angles 8., ¢, measured in the ccili-
mon coordinate {rame. Implementation of the model
involves carryingout the coordinate frame transforma-
tion associated with a scattering center located at po-
sitien vector v, from the laboratory frame origin. The
relation between the photon angles 8., ¢,., v, speci-
ficd i the laboratory frame and the angles 8, ¢,,, ¢
i the colhision frame s thereby determined as is the
re ‘it of the true scattering angle, 8, Lo the ne.minal

scattering angle, #, Fig 1 presents a ccmparison be-

[
twert, the colhmion frame associated with a seattering
evert located wt posizion veeter r.oand the colhision
trame assoctated with an “ideal” scattering event tak-
iy place st the ornan of the laboratory frame (r)

o Thas Jatter s attering evert defines the nominal
~attenng poane ancd the nominal scattering angle, €,
e oo thaon frame associated with the oftset scatterer
- cleanny rotated wirh respect to the laboratory frame
cooev denced by the direction of the svectar )-'(,“. (nor-
Bl e the true sontteringy plane) cormpared to "'rl-.'

Yoooonora toothe nenenal soattening pland)

Fiy U birorons enotted by the movrce (G) are
wenltore fante detector (D) Collivon coardanate
fraties wevoant b wath tao ifferent wentterning
events tabiny pia e wathan the extende banteras
Ve v e e wbemn (nee tewa)

v e del woweor bt Doavernge of the noatter

1y s on' thteraaty onveg the doatnlbatiom of w attering



centers is taken according to:
Iy = Zaij]j( })
3

where Iy is the average superelastic or coincidence in-
tensity and a,, tre weighting factors discussed below.
The signal intensity arising from a particular collision
framme i denoted l,(i:‘l) since (for an assumed paral-
l2] incidvnt electron beam) this frame is completely
specified by the displacement vector f;, the nominal
scattering angle, 7 and the momentum vector, l.c‘l, of
an electron scattered into the detector viewcone. The
summation over index i in Eq. 2 represents an approx-
imation to the effect of finite angular resolution ir the
electron detector. The contribution from all discrete
scattering points chosen to represent the extended vol-
ume 18 calculated in the summation over index j. The
weighting factors, a,,, represent the effect of the spatial
intensity distribution of the incident electron beam,
the spatial response of the electron detector and the
behavior of the DCS over the range of scattering angles
defined by the extended scattering volume.

The sophistication of the model can be greatly in-
creased to include, for example, the finite acceptance
angle of the photon detector (or the divergence of the
incident laser beam in the . uperelastic scattering case),
the density distribution in the target gas beam and so
on  We have found, however, that a relatively ciude
description of the scattering geometry can provide the
essentis] aspects of the finite volume effect. In the re-
sults presented here, an array of 5 points, equidistantly
spaced along a segment of the Yiq axis, was used to
represent the extended scattering volume. The effect
of the detector viewcone was simulated by associating
5 scattering directions with each of the 9 scattering
pontsan the Linear array The we.ghting factors, a,,,
reflect only the spatial intensity distribution (Gaus-
sian) of the incident electron beam

3. Resultu

3.1 Superelastic Scatteri~g from Lawner-Excited
1¥Ba( - -6s6p 'P)

Efforts to measure EICP for the 3*Ba 'S, to 'P,
transition 1n a superelastic scattering experiment have

been reported by Reginter et al®

An experimental
configuration was adopted in which the laser beam lay
within the (nonunal) acattering ple e and the degree of
modulation of the superelastic intenmity, 1, an a func.
ton of Inaer beam polarization angle, y,., was mea-

sured Duning the course of their investigation, Reg.

ister et al. discovered that this modulation, 1,(v,),
was, unexpectedly, asymmoatric with respect to ¥, =
O where ¢, = 0 is defined to be the angle at which the
laser beam polarization vector lies within the scatter-
ing plane. Furthermore, this asymmetry was scatter-
ing angle dependent in a regular way and was found to
be reproducible despite major variations in experimen-
tal conditions. The origin of this asymmetry remained
unexplained and EICP could not be extracted, with
confidence, from these measurements. This led us to
reinvestigate the cause of the asymmetry in more de-
tail, both experimentally and theoretically, with spe-
cial enphasis on the effects of a scattering volume of
finite extent.

Superelastic scattering data can be straightfor-
wardly analyzed by fitting Eq. 1 to thz observed 1,(v,)
modulation curves. For this purpcse, Eq. 1 is written
in the equivalent form:

Ii(¥,) ~ 1+ ncos(2y, + 2a) (2)

where n is the mcdulation depth and a is the modu-
lation phase shift.

For a laser beamn lying in the scattering plane,
theory® predicts that @ = 0. However, the asym-
metry observed by Register et al. and by us, in &
more recent series of experiments, can be represented
by a modulation phase shift which is non-zero. Fig. 2
shows the values of n and a extracted from our recent
superelastic scattering measurements and the results
of the corresponding model calculations for incident
electrons af 30eV impact energy. These model calcu-
lations employed the theoretical EICP of Clark et al.’
which indicate that the '3*Ba(-.-6s6p 'P) state is al-
most purely LS coupled. It is impcrtant to note that,
for a purely LS coupled state, an ideal single atom col-
):sion occurring at the origin of the laboratory frame
(for laser incidence angle ¢, = 0) would give n = 1 and
a = 0 at all scattering angles. Fig. 2 illustrates that
scrious deviations from these predicted values occur
in an actual experiment and that these deviations are
explained by the extended scattering volume model.

The model calculations indicate that, for a laser
beam incidence vector lying in the nominal scatter-
ing plane, the phase ehiit differa from zero when
the extended ncattering volume in anymmetrically dis-
tributed in the normal direction to the nonunal scat.
tering plane  We have alno verified experimentally that
the deviation of a from zero is tied directly to asym-

metry ih the distribution of excited-state scatterera®



The distortion in the modulation depth, however, per-
sists regardless of how the scattering volume is dis-
tributed. These results imply that the phase shift
problem could conceivably be eliminated by ensuring a
symmetrically distributed scattering source. However,
EICP are extracted from the modulation depth =,
which suffers significant distortion whenever the scat-
tering volumne is finite in extent.
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Fig. 2 Model calculations and exparimental data® for
superelastic scattering from '3¢Ba(-- -8e6p 'P) at
30 eV. Laser beam incidence angles are #, = 90°;
é, = 0°. (a) Modulation depth ve. nominal scat-
tering angle: (b) Phace shift vs. nominal scatter-
ing angle.

Fig. 2 also reveals that the distortion in modu-
lation depth produ-es relatively well-defined features
which appear at specific scattering angles. For the
superelastic scattering process under discussion, the

scattering angle location of these features is closely tied
to the behavior of the alignment angle, «, of the excited
state charge cloud produced by the time-inverse inelas-
tic scattering process. When this alignment angle is
such that the laser photon incidence vector lies along
the major axis of the charge cloud (assuming a colli-
sionally excited “p” type orbital) then the measure-
ment becomnes extremely sensitive to extended volume
effects®. Although it is not apparent from the figure,
we have also found that the severity of the geometry-
induced distortion is related directly to the shape of
the charge cloud produced by the time-inverse inelas-
tic process. In particular, when the ratio of length
to width of this charge cloud is large at the “critical”
alignment angle described above, then the distortion
in n becomes severe. The smaller this ratio, the leas
sensitive the measurement becomes to extended vol-
ume effects. Of course, this ratio iz given by the P;
coherence parameter and we claim that, when P: is
close to unity at the critical alignment angle, one can
expect a strong influence of geometry on the meas.re-
ment of n.

3.2 Measurements of the P4 Coherence Param-
eter in the Rare Gases

Conclusions about the influence of an extended
scattering geometry on “laser-in-plane” superelastic
scattering experiments are directly transferrable to
studies concerning the P4 Stokes parameter in rare gas
J =N toJ =1 excitations. We, therefore, extended
our modelling effort to the rare gases and, in Figs.
3 through 5, the results are compared with the only
P4 measurements so far available in the literature®.
The same crude model was employed as in the case
of superelastic scattering from *3*Ba(- - -6s6p 'P). The
photon detector was placed in the nominal scattering
plane at 80° relative to the incident electron beam and
was assumed to have infinite angular resolution. The
EICP of Bartschat and Madison'® were used.

Fig. 3 shows the P4 vs. scattering angle behavior
for the 'P state excitation in Ne. Dots (crosses) rep-
resent mocelling calculations carried out with a finite
scattering volume of Imm (2mm) extent. The !P state
is described by pure LS coupling so that P4 is expected
to be unity over all scattering angles. Near szero de-
grees scattering angle, the influence of a finite scatter-
ing volume reduces the P4 polarization to a minimum
of about 0.8

For the heavier rare gases, Kr and Xe, we found
that, as discussed above, the shape of the modelled P4



vs. scaitering angle curve was quite sensitive to the
behavior of the theoretical P§ near the “critical” align-
ment angle. The model calculations plotted in Figs. 4
and 5 result from slightly modifying the P} bebavior
predicted by Bartschat and Madison. The calculated
behavior of the alignment angle was left unmodified.
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Fig. 3 Model calcnulations and experimental data® for
excitation of Ne 3s'(1/2]] 'P, at 80 ¢V impact
energy.

We performed this exercise in order to chack
whether the experimental P4 data, whose deviation
from unity is ascribed to spin-orbit coupling eflects®,
cculd be fit by adjusting only the theoreticaliy pre-
dicted behavior of P} which is not aseociated with
spin-orbit coupling. The fit of the model results to the
experimental data in Figs. 4 and 8 ia reasonable, sug-
gesting that, under conditions whers spin-orbit cou-
pling effects are negligible (i.e. cos ¢ = 1 or poo = 0),
extreme distortion in the P4 measurument can occur
for a particular behavior of the coherence parameters
P{ and v (or, equivalently, A and x) and a scattiring
volume of finite extent. The existence of an extended
scattering geometry is a necessary condition for this
extremne bshavior in P4 to manifest itself. This is il-
Justrated by the fact that, for sn ideal, single-point
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Fig. 4 Model calculations and experimeatal data® for

exci*ation of Kr 5s' [1/2]3 'P; at 60 eV.
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Fig. 5 Model calculations and experimental data® for
excitation of Xe 64[3/2]] *P, at 30 #V.

STOKES PARAMETER P




° scattering at the laboratory frame origin, P4, in the

case of Kr, is expected to be unity over the range of
scattering angles studied, while, in the case of Xe, the
dotted line in Fig. 5 shows the predicted behavior of
P4.

These results will be discussed in more detail in a
forthcoming publication®!.

Conclusions

Results of our modelling effort imply that mea-
surements of EICP using experimental geomctries in
which the photon incidence vector (either laser photon
in the superelastic scattering experiment or detected
photon in the polarization correlation experiment) lies
in the nominal scattering plane can be sul-ject to large
uncertainties. The influence of an extended scattering
volume can produce severe distortion in the measured
modulation depth, n, or Stokes parameter, P4, which
can be misinterpreted as arising from spin- orbit cou-
pling effects. The severity and locstion (in scattering
angle) of this distortion is intimately tied to the be-
havior of the P} and 4 parameters (or, equivalently,
the A and x parameters).
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